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Reliable information on the health effects of diet and nutrition on chronic disease is crucial to formulating appropriate dietary recommendations for individuals and to instituting food policy changes that may be needed to reverse the national obesity epidemic. However, in spite of clear obesity associations with major cardiovascular diseases and cancers, few diet and chronic disease associations are regarded as convincing or even probable (1, 2) .
The food frequency questionnaire has been ubiquitous in nutritional epidemiology for the past 25 years, because its self-administered and machine-readable features make it practical and cost-effective for application to large epidemiologic cohorts. Other more detailed dietary assessment approaches, including food records (diaries) and dietary recalls, were applied retrospectively in early case-control studies. Prospective use of these approaches may offer cognitive advantages compared with the food frequency questionnaire, prompting a substantial effort to develop an automated, self-administered 24-hour recall (3) .
A few cohort studies have collected food records prospectively, with subsequent nutrient analyses in a case-control mode. Positive associations between dietary fat and breast cancer (4, 5) and an inverse association of fiber consumption and colorectal cancer (6) based on food records have been reported that were not evident from corresponding food frequency questionnaire data. These analyses highlight the importance of the dietary measurement error issue, but they do not indicate whether any available dietary approach leads to reliable diet and disease information.
The availability of urinary recovery biomarkers (7) for some dietary components allows the relative and absolute performance of dietary assessment methods to be evaluated in relation to short-term consumption. The Observing Protein and Energy Nutrition (OPEN) Study, among 484 men and women in Maryland, reported better measurement properties for 24-hour dietary recalls compared with food frequency questionnaires for energy and protein, both absolute and relative (8, 9) , while a biomarker substudy among 179 men and women in the European Prospective Investigation of Cancer (EPIC)-Norfolk cohort reported better properties for 7-day food records compared with food frequency questionnaires for protein, potassium, and sodium consumptions (10), at least for absolute intakes (11) . These studies reported measurement errors to be positively correlated among assessment procedures, arguing that a biomarker, rather than a second self-report, be used as ''reference'' instrument for measurement error correction.
Our Nutrient Biomarker Study among 544 postmenopausal women from the Women's Health Initiative (WHI) Dietary Modification trial of a low-fat eating pattern found only a weak correlation between food frequency questionnaire assessments of energy and protein consumptions and corresponding consumption biomarkers (12) . Moreover, the food frequency questionnaire was found to incorporate important systematic biases related to body mass index, age, and ethnicity. Regression calibration equations were developed to provide estimates of energy, protein, and protein density (fraction of energy from protein) that incorporate adjustments for systematic and random aspects of measurement error. These equations were used to generate ''calibrated'' consumption estimates throughout WHI cohorts. Calibrated energy was found to be positively associated with total and site-specific cancer incidence (13) and with coronary disease (14) in WHI cohorts. These associations were not apparent from food frequency questionnaire consumption estimates without calibration. They appeared to be substantially mediated by body fat accumulation over time (13) (14) (15) .
Important questions remain concerning the development and use of calibrated energy and protein consumption estimates: 1) Are the ''signal strengths'' from food frequency questionnaires, food records, and 24-hour dietary recalls materially different in corresponding calibration equations?; 2) To what extent can the calibration procedures from any of the 3 assessment procedures recover the nutrient consumption variation in the study population?; and 3) Are calibration equations transferable among study cohorts?
To address these questions, we conducted a further biomarker study, this time among 450 women enrolled in the WHI Observational Study. This Nutrition and Physical Activity Assessment Study (NPAAS) included the WHI food frequency questionnaire, a 4-day food record, and three 24-hour dietary recalls, along with doubly labeled water and urinary nitrogen assessments of energy and protein consumptions. Calibration equations involving the 3 dietary assessment procedures individually and combined were compared for their ability to explain variation among study subjects in the biomarker assessments, and food frequency questionnaire calibration equations from the 2 WHI biomarker studies were compared to examine the transferability question.
MATERIALS AND METHODS

The WHI Observational Study and Dietary Modification trial
The WHI Observational Study is a prospective cohort study that enrolled 93,676 postmenopausal women in the age range 50-79 years during 1994-1998 (16, 17) NPAAS enrolled 450 postmenopausal women from the WHI Observational Study. Black and Hispanic women were oversampled to support comparisons of measurement properties among racial/ethnic groups. Three participating clinical centers recruited primarily these minority groups, with an odds ratio of 3 for Hispanic versus black, while the other 6 clinical centers recruited black and Hispanic women with an odds ratio of 5. Women in the extremes of body mass index were oversampled, with odds ratios of 10 and 2 for underweight women (body mass index, <18.5) and obese women (body mass index, !30), respectively. Because of the time lag between cohort enrollment and this biomarker substudy, younger postmenopausal women were oversampled, with odds ratios of 3 and 2 for women who were 50-54 and 55-59 years of age at enrollment. As in the Nutrient Biomarker Study, women were excluded for having any medical condition precluding participation, weight instability, or travel plans during the study period. Overall, 20.6% of women invited and screened for eligibility completed the protocol. An additional 4 women consented to, but did not complete, the study. A subsample of 88 women (19.6%) repeated the entire protocol about 6 months later to provide repeatability information. NPAAS women completed their participation in 2007-2009, with specimen analyses completed by June 2010. Study procedures were approved by the institutional review boards of participating institutions. Participants provided informed consent and received $100 upon study completion.
Study protocol and procedures
The study protocol involved 2 clinical center visits separated by a 2-week period, along with at-home activities ( Figure 1 ). The first visit included eligibility confirmation; informed consent; anthropometric measurements; doubly labeled water dosing; training in 4-day food record completion; completion of food frequency questionnaire and physical activity, dietary supplement, and other questionnaires; and collection of a blood specimen and spot urine samples both before and after doubly labeled water dosing. Between the 2 clinic visits, participants completed a 4-day food record and collected 24-hour urine samples on the day prior to the second clinic visit. At the second clinic visit, the 24-hour urine samples were received; 4-day food records were reviewed; and participants completed additional physical activity questionnaires, provided additional spot urine and fasting blood specimens, and had resting energy expenditure assessed via indirect calorimetry. The first of the 24-hour dietary recalls was obtained in the 1-3 weeks after visit 2 and then monthly thereafter for the other 2.
Recovery biomarkers
Total energy expenditure was estimated as in our previous biomarker study (19, 20) . Briefly, after a 4-hour fast at visit 1, participants provided baseline urine samples, were weighed, and ingested a single dose of approximately 1.8 g of 10-atom percent oxygen-18-labeled water and 0.12 g of 99.9% deuterium-labeled water per kilogram of estimated total body water. The tracers equilibrate rapidly in body water, and the difference in elimination rates of oxygen-18 and deuterium is proportional to carbon dioxide production, from which total energy expenditure is calculated by using modified Weir equations (20) . Elimination rates were estimated from 3 spot urine specimens over 4 hours following doubly labeled water dosing, with a blood specimen drawn at 3 hours post-doubly labeled water dosing among women of age !60 years used instead if corresponding spot urine specimens showed insufficient isotope enrichment. Elimination rates were also estimated from spot urine samples obtained at the second clinic visit. In weight-stable persons, total energy consumption over a 2-week period is objectively estimated by this procedure.
Similarly, protein consumption was objectively estimated by 6.25 3 24-hour urinary nitrogen O 0.81 (21) . Participants collected urine for 24 hours on day 14, immediately preceding visit 2. PABACheck (para-aminobenzoic acid; Laboratories for Applied Biology, Ltd., London, United Kingdom) was used to assess the quality of urine collection (22) , with recovery of 85%-110% of the dose considered as complete urine collection.
Specimen handling and quality assurance procedures were as previously described for the Nutrient Biomarker Study (12) . Blind duplicates (5%) were included in the energy and protein biomarker assessments. A 6.5% quality control failure rate occurred for the doubly labeled water procedure. About half of the failures were due to low tracer enrichments or lack of equilibration, while the others were due to dilution space or other external reproducibility issues. These issues arose more frequently among elderly women.
Dietary assessment
Participants completed the self-administered WHI food frequency questionnaire (23) in English or Spanish. This food frequency questionnaire includes 122 foods or food groups, 19 adjustment questions, and 4 summary questions, and it was designed to assess typical dietary habits over the preceding 3 months in a multiethnic and geographically diverse population. Food frequency questionnaires were reviewed by clinic staff at the first clinic visit.
Participants viewed a 25-minute instructional video and received a food record instruction booklet at the first clinic visit. The English or Spanish booklet contains detailed instructions on recording food intake, including the description of food preparation methods, added fats, brand names, and ingredients of mixed dishes and recipes, and 12 questions on food-use patterns. Participants also received a 12-page serving size booklet with photographs and other measuring devices. They completed 4 days of recording on alternate days (Sunday through Saturday) between visits 1 and 2.
The 24-hour dietary recalls were conducted by trained and certified study staff by telephone, with data entered directly and computerized by using NDSR (Nutrition Data System for Research; Nutrition Coordinating Center, University of Minnesota, Minneapolis, Minnesota) software. Interviews targeted all food and beverages consumed during the previous 24 hours (midnight to midnight). The software prompts the interviewer to probe for detailed information on quantities, brands, and cooking methods, using the US Department of Agriculture multiple-pass method, assisted by the 12-page serving size booklet.
Dietary data from each of the 3 methods were analyzed for nutrient content by using the University of Minnesota nutrient database (24) , which derives from the US Department of Agriculture Nutrient Database for Standard Reference and its periodic revisions.
Statistical methods
Analyses focused on log-transformed consumption estimates for each of energy, protein, and protein density, which were each approximately normally distributed. Daily food record and recall estimates were averaged over the reporting days prior to log transformation. Values that fell outside the interquartile range by more than 3 times its width were excluded as outliers. Our measurement model (25, 26) assumes a log(biomarker) assessment W to adhere to a classical measurement model,
where Z is the targeted nutritional variable, and e is an independent error term that is assumed to be independent of Z and other study subject characteristics. Z can be regarded as the logarithm of average daily consumption for the nutritional factor under study over a fairly short period of time, such as 6-12 months, in proximity to the biomarker data collection period.
A more flexible measurement model,
is considered for a corresponding log-transformed selfreport assessment Q. Here, V is a vector of study subject characteristics that may relate to the self-report assessment; a 0 , a 1 , and a 2 are regression parameters; and e is an error term that is independent of Z, V, and the biomarker error e. Initial analyses apply a more restrictive model with a 1 ¼ 1 for the self-report assessments. This model permits a specific focus on systematic bias in the self-report in relation to V, through linear regression of Q À W on V. Our analyses focus on body mass index, age, and ethnicity, characteristics that surfaced as the major sources of systematic bias in the Nutrient Biomarker Study (12) . Age and body mass index were coded as quantitative variables, while indicator variables were used to contrast minority group women to white women.
Our principal analyses aimed to develop ''calibrated'' consumption estimates that allow for systematic and random measurement error in the self-report assessments. These involve linear regression of W on Z and V, as arises under our measurement model with a joint normality assumption (13) . These regression equations allow consumption estimates to be calculated from (Q, V), for use in disease association analyses.
The percentage of biomarker variation explained (R 2 ) by the (log-transformed) self-report assessment in these calibration equations is used to evaluate the ''signal'' strength from the self-report, and traditional correlation coefficients between Q and W are also given. R 2 values for the calibrated consumption estimates are also examined.
The biomarker data include measurement error that may primarily reflect temporal consumption variation. The (logtransformed) biomarker values W 1 and W 2 for the initial and repeat assessments in our reliability sample are modeled as W 1 ¼ Z þ e 1 and W 2 ¼ Z þ e 2 , with error terms e 1 and e 2 that are independent with a common variance, in which case the correlation between W 1 and W 2 estimates the variance of Z O the variance of W. Hence, we also provided ''adjusted'' R 2 values by dividing the R 2 values from linear regression by the squared sample biomarker correlation in the reliability subsample. The adjusted R 2 values can be considered as estimating the percentage of variation explained in the underlying Z value. To allow for possible departures from normally distributed response variables, we used bootstrap procedures to estimate standard errors and significance levels (10,000 bootstrap samples). These procedures are particularly convenient for testing the equality of coefficients between regression analyses of W on Q and V, for differing choices of the self-report Q. Calibration equations arising from food frequency questionnaire assessments from the nonoverlapping Nutrient Biomarker Study and NPAAS data sets were compared by using likelihood ratio tests based on the combined data set.
Calibration equations were developed separately for NPAAS subsets defined by race/ethnicity and body mass index.
The urinary nitrogen biomarker was analyzed with and without exclusions based on the PABACheck assessment of urine collection completeness. Even though 14.7% of samples did not meet our completeness criteria, calibration equations differed little, and results are presented without PABACheck exclusion, as in our Nutrient Biomarker Study report (12) . Table 1 shows the distribution of demographic and lifestyle characteristics in NPAAS, along with those for the remainder of the Observational Study cohort. The oversampling according to race/ethnicity, body mass index, and age at enrollment is evident. NPAAS women were somewhat more highly educated, more affluent, and more frequently engaged in recreational activities compared with other cohort members. Table 2 shows geometric means for biomarker and dietary assessments of energy, protein, and protein density, for assessments meeting quality control criteria. The geometric means of the self-report:biomarker assessment ratios are also shown. Each of the 3 self-report procedures underestimates energy substantially (20%-27%) and protein to a lesser extent (4%-10%), and each overestimates protein density compared with the biomarker (16%-25%). Table 3 shows some results from linear regression of log(self-report) À log(biomarker) on body mass index, age at NPAAS participation, and race/ethnicity. Each of the 3 self-report procedures shows evidence of systematic biases related to 1 or more of these factors, for both energy and protein. For 4-day food record and 24-hour dietary recall assessments, energy and protein underreporting was more severe among women with a high body mass index or a younger age, while black women tended to further modestly underestimate energy and to overestimate protein and protein density. Food frequency questionnaire systematic bias patterns included greater energy underestimation by younger women and substantially greater underestimation of both energy and protein by minority group women. Food frequency questionnaire bias for energy in relation to body mass index was greater (P < 0.05) in corresponding analyses that excluded the ethnicity variables from the regression model. Systematic biases were not evident for food frequency questionnaire protein density.
RESULTS
Correlation coefficients between log-transformed biomarker and log-transformed food frequency questionnaire, 4-day food record, and 24-hour dietary recall assessments were, respectively, 0.196 (standard error (SE), 0.044), 0.297 (SE, 0.046), and 0.167 (SE, 0.051) for energy; 0.289 (SE, 0.042), 0.476 (SE, 0.043), and 0.403 (SE, 0.041) for protein; and 0.254 (SE, 0.041), 0.332 (SE, 0.049), and 0.264 (SE, 0.046) for protein density. Table 4 shows regression coefficients from linear regression of log(biomarker) on log(self-report), as well as body mass index, age, and ethnicity, thereby adjusting for the systematic biases noted in Table 3 , while also allowing these study subject characteristics to help explain biomarker variation more generally. For energy, the resulting ''calibration equations'' that use food frequency questionnaire, 4-day food record, or 24-hour dietary recall assessments, respectively, explain 41.7%, 44.7%, and 42.1% of the biomarker variation. These percentages are much larger than those from analyses using the self-report data alone (3.8%, 7.8%, and 2.8%, respectively), with much of the added value deriving from body mass index and age. For protein, the food frequency questionnaire, 4-day food record, and 24-hour dietary recall-based calibration equations provide an explanation for 20.3%, 32.7%, and 28.4% of the biomarker variation. For protein density, the corresponding percentages are 8.7%, 14.4%, and 10.4%. Calibration equations are also shown using all 3 self-reports simultaneously with the other variables. The percentages of biomarker variation explained were 45.0%, 34.6%, and 15.5% for energy, protein, and protein density. The strongest self-report ''signal'' for each of the 3 nutritional variables arises from the 4-day food record, and the variation explained is not significantly greater than that from the calibration equation with only the 4-day food record self-report for energy (P ¼ 0.67), protein (P ¼ 0.10), or protein density (P ¼ 0.23).
The adjusted R 2 values in Table 4 suggest that the calibration equations recover a large fraction of the log-transformed consumption variation in the underlying dietary factor (e.g., 71%-77% for energy), using any of the self-report assessments, though less so for protein and protein density if the calibration procedure uses the food frequency questionnaire.
We also estimated measurement error correlations among pairs of assessment methods, under our measurement model and joint normality assumptions. For energy, the estimated measurement error correlation was 0.30 (SE, 0.05) for the food frequency questionnaire and 4-day food record, 0.30 (SE, 0.05) for the food frequency questionnaire and 24-hour dietary recall, and 0.50 (SE, 0.05) for the 4-day food record and 24-hour dietary recall. The corresponding numbers for protein were 0.35 (SE, 0.07), 0.33 (SE, 0.07), and 0.27 (SE, 0.18) and for protein density were 0.38 (SE, 0.14), 0.38 (SE, 0.12), and 0.40 (SE, 0.17). Table 5 compares food frequency questionnaire-based calibration equations between the 2 WHI biomarker studies. Dietary Modification trial women tended to be slightly younger and of higher body mass index compared with Observational Study women. A likelihood ratio test of equality of all coefficients is not significant for protein (P ¼ 0.23) or for protein density (P ¼ 0.95). This test is significant (P ¼ 0.003) for energy, but the differences derive from coefficients for age and for Hispanic ethnicity, rather than from the food frequency questionnaire coefficient. The correlations between consumption estimates using the Nutrient Biomarker Study and NPAAS calibration equations are 0.95 for energy, 0.96 for protein, and 0.96 for protein density. Figure 2 provides scatterplots and correlation coefficients between NPAAS visit 1 and NPAAS visit 3, for women in the reliability subsample for log(biomarker) and each self-report. Food frequency questionnaire correlations are somewhat larger than those from the other self-reports, while the correlation for the protein density biomarker is low (r ¼ 0.24).
The WHI food frequency questionnaire aims to assess consumption over the preceding 3 months, whereas the 4-day food record and 24-hour dietary recalls target consumption over a few days or weeks, respectively, in proximity to biomarker assessment. Calibration equations of the type shown in Table 4 were also carried out from reliability subsample data by averaging the visit 1 and visit 3 log(biomarker) assessments and using either the visit 3 log(food frequency questionnaire) or the average of visit 1 and visit 3 log(4-day food record) or log(24-hour dietary recall) assessments as predictor variables. These analyses led to somewhat higher percentages of biomarker variation explained, compared with Table 4 . Specifically, for the food frequency questionnaire, 4-day food record, and 24-hour dietary recall, these percentages were, respectively, 52.3%, 58.1%, and 53.6% for energy; 24.8%, 42.6%, and 37.4% for protein; and 15.0%, 22.4%, and 20.0% for protein density. The percentages of variation explained by the food frequency a P value 1 compares NBS and NPAAS coefficients for specific variable; P value 2 does so (likelihood-ratio test) for the entire set of coefficients; and P value 3 does so for all coefficients except the intercept. The NBS calibration equation did not depend significantly on the Dietary Modification trial randomization assignment.
b Coefficient significant at the P ¼ 0.05 level.
questionnaire, 4-day food record, and 24-hour dietary recall data alone in these calibration equations were, respectively, 6.7%, 11.9%, and 4.3% for energy; 7.4%, 28.2%, and 18.1% for protein, and 4.9%, 12.3%, and 8.6% for protein density. Calibration equations were also developed separately by race/ethnicity (white, black, Hispanic) and body mass index (<25.0, 25.0-29.9, !30.0). The ''signals'' from the self-report assessment were comparatively weaker for black women for each assessment procedure. Similarly, the signals for overweight and obese women were weaker than those for normal weight women for each assessment procedure. As shown in the Web Appendix, which is posted on the Journal's Web site (http://aje.oupjournals.org/), the fraction of biomarker variation explained by these calibration equations was somewhat higher for Hispanic compared with black women, with white women intermediate; and somewhat higher for obese compared with normal weight women for energy, but higher for normal weight versus obese women for protein density, with overweight women intermediate.
DISCUSSION
Four-day food records and, to a lesser extent, 24-hour dietary recalls ''recover'' more of the variation in short-term energy and protein consumption biomarkers than does the food frequency questionnaire in our study population, providing a possible explanation for differential association study findings between food records and food frequency questionnaires (4-6). However, when combined with readily available data on body mass index, age, and ethnicity, much larger fractions of biomarker variation can be explained: about 40%-45% for energy; 20%-35% for protein; and 8%-16% for protein density. Furthermore, when these R 2 values are adjusted (Table 4) to eliminate the ''noise'' component of biomarker variation, the calibration equations provide an explanation for 70%-80% of the consumption variation for energy, 40%-68% for protein, and 52%-93% for protein density.
These adjusted R 2 values suggest that calibrated estimates using any of the 3 assessment procedures may be sufficient for epidemiologic association study purposes. The adjusted R 2 values are noticeably higher for consumption estimates using the 4-day food record versus those using the other assessment procedures. However, these adjusted R 2 values may be somewhat optimistic for the 4-day food records, in that the 4-day food record recording times corresponded closely to the biomarker assessment time period, whereas the food frequency questionnaire targeted a preceding 3-month period, and the three 24-hour dietary recalls were obtained over a 2-3-month period following biomarker assessments. R 2 values were somewhat larger and more similar among assessment procedures, when based on the repeat biomarker and dietary data in the reliability subsample. The adjusted R 2 values using any of the assessment procedures could also be somewhat inflated by seasonal consumption variations that would tend to reduce initial and repeat log (biomarker) correlations in the reliability subsample.
Our study examined the calibrated consumption transferability issue under near-optimal conditions of cohorts drawn from the same catchment population in the same period of time, but with different eligibility criteria and study demands. Although some minor difference could be detected in the energy calibration equation from the 2 studies, resulting consumption estimates were very highly correlated for each of the dietary variables, and the equations developed for 1 cohort can be readily applied for consumption estimation in the other.
The calibrated consumption estimates can be used rather directly in disease association studies in WHI and, potentially, other cohorts of postmenopausal women, assuming that the variables used in calibration (body mass index, age, ethnicity) are also included in the disease risk model, although nonstandard variance estimates are needed to acknowledge uncertainty in calibration equation coefficients (13, 14) . Some important analyses, however, will need to allow for the possibility that body mass index change is a key variable in mediating any diet and disease association. For this purpose, analyses that exclude body mass index from the disease risk model can be induced from these that include body mass index but require reliability subsample data sufficient to estimate biomarker measurement error correlations relative to dietary consumption over the perhaps lengthy time period that may be relevant to disease risk (15) .
Positive measurement error correlations among the 3 assessment procedures were estimated for each of the dietary factors, strongly arguing that biomarkers are needed for measurement error correction. The fact that biomarkers adhering to a classical measurement model have been developed for only a few dietary components precludes a comprehensive application of the biomarker approach to nutritional epidemiology. The future research agenda needs to place priority on biomarker development for additional dietary factors.
In summary, a simple calibration procedure involving dietary self-report, body mass index, age, and ethnicity appears able to estimate short-to intermediate-term dietary consumption of energy, protein, and protein density among postmenopausal US women with adequate reliability for most epidemiologic study purposes, regardless of which of the 3 dietary assessment procedures is utilized.
